Abstract-Retinal arteriolar narrowing is a known response of hypertension and independently predicts cardiovascular mortality in adults. Whether elevated blood pressure leads to retinal arteriolar narrowing in young children is unknown. We examined the relationship of retinal vascular caliber and blood pressure levels in 2 population-based cohorts among children aged 6 to 8 years in Sydney, Australia (1572 children) and Singapore (380 children). Participants had digital retinal photographs and measurement of retinal arteriolar (or small artery) and venular (or small vein) caliber. Children with higher quartiles of blood pressure had significantly narrower retinal arterioles than those with lower blood pressure (retinal arteriolar caliber 162.8, 161.0, 157.8, and 157.1 m (P for trendϽ0.001), comparing increasing quartiles of systolic blood pressure in Sydney, and 164.9.5, 164.0, 159.1, and 159.4 m (P for trendϭ0.0024 in Singapore). After controlling for age, sex, race, body mass index, refraction, and birth parameters, each 10-mm Hg increase in systolic blood pressure was associated with narrowing of the retinal arterioles by 2.08 m (95% confidence interval: 1.38 to 2.79; PϽ0.0001) in Sydney children and 1.43 m (95% confidence interval: 0.27 to 2.59; Pϭ0.016) in Singapore children. These associations were consistent across age, sex, body mass index, and birth parameters. Retinal venules were not affected by blood pressure. We conclude that higher childhood blood pressure is associated with retinal arteriolar narrowing. Our data provide evidence that the effects of elevated blood pressure may manifest early in life.
H ypertension is the leading risk factor for cardiovascular disease and mortality in middle-aged and older people. 1 There is now a body of evidence that a person's risk of hypertension and cardiovascular disease may have etiologic origins to blood pressure levels in early life. [2] [3] [4] Prospective studies show that childhood blood pressure is associated with future hypertension, 5 carotid atherosclerosis, 6 -9 and cardiovascular mortality 10 in adulthood.
However, the exact pathophysiological mechanisms underlying these associations remain uncertain. It has been hypothesized that elevated blood pressure may cause structural damage to the vasculature in children, which predisposes them to the subsequent development of clinical cardiovascular disease. 2 Available studies have focused on the relationship of blood pressure in adolescents and young adults and atherosclerosis later in life. 6, 8, 9 Whether elevated blood pressure in younger children leads to target organ damage and structural vascular changes is unclear.
Retinal arteriolar narrowing is a recognized consequence of chronic hypertension and independently predicts cardiovascular morbidity and mortality. 11 Recent studies in adult populations have shown that retinal arteriolar narrowing is strongly associated with past, current, and future blood pressure levels [12] [13] [14] [15] [16] [17] and independently predicts incident stroke, 18 coronary heart disease, 19 and cardiovascular mortality. 20 There are no data on the relationship of blood pressure to retinal arteriolar caliber in children. The aim of the current study was to determine the effect of blood pressure on retinal arteriolar caliber in healthy children.
Methods

Study Population
We conducted 2 parallel, population-based studies in 2 countries, Australia and Singapore, of children aged 6 to 8 years. These have been described in detail previously. [21] [22] [23] [24] The Sydney Childhood Eye Study examined grade 1 school children in 34 primary schools across the Sydney metropolitan region selected during 2003-2004 using random cluster sampling. 22, 23 After parental consent of 2238 eligible children, 1740 were examined, of whom 1572 (90.3%) had blood pressure measurements and gradable retinal photographs.
The Singapore Cohort Study of Risk Factors for Myopia examined 1979 children aged 7 to 9 years in 3 Singapore schools, selected from the eastern, northern, and western parts of Singapore in 1999 -2001. 21, 24 Children with chronic medical conditions, such as heart disease or cancer, and chronic eye conditions, such as cataract, were excluded. Of the cohort, 400 were randomly sampled for retinal photography and blood pressure measurement in 2001. Of these, 380 had gradable retinal photographs and are included in the current study.
The Sydney study was approved by the University of Sydney Human Research Ethics Committee and the Department of Education and Training, both in Sydney. The Singapore study was approved by the institutional review board of the Singapore Eye Research Institute, Singapore. Both studies followed the tenets of the Declaration of Helsinki, and written informed consent was obtained from all of the parents.
Retinal Photography and Measurement of Retinal Vascular Caliber
In each study, children were examined on the school premises by a team of ophthalmologists, optometrists, and research staff using similar procedures. [21] [22] [23] [24] After pupil dilation with cyclopentolate 1%, digital retinal photographs centered on the optic disc were taken of both eyes using standardized settings. Retinal photography at the 2 sites used Canon digital retinal cameras (Model 60-UVi for Sydney and Model CR6-NM45 for Singapore; Canon Inc).
Methods used to measure and summarize retinal vascular caliber from the digitized retinal photographs followed an identical protocol, as described in previous reports in adult populations. [25] [26] [27] Briefly, a computer imaging program was used to measure the caliber of all of the retinal arterioles, small arteries and venules, or small veins located a half-to 1-disc diameter from the optic disc margin in the retinal photograph. These measurements were summarized as central retinal arteriolar and venular equivalents, representing the average arteriolar and venular caliber of that eye, respectively. 25, 27 For each study, a single grader, masked to blood pressure measurements and participant characteristics, performed all of the retinal measurements. We used data from the right eye unless images from this eye were unavailable, in which case left eye data were used. Quality control procedures of remeasurement of photographs by the same grader showed high reproducibility. In Singapore, we remeasured 50 retinal images 2 weeks apart by the same grader with intraclass correlation coefficients consistently Ͼ0.85 for arteriolar caliber and Ͼ0.97 for venular caliber. A previous adult study in Sydney (Blue Mountains Eye Study) using the same semiautomated retinal grading system has demonstrated similarly high reproducibility for the retinal vessel measurements, 14, 17 although a specific reproducibility test was not performed in the Sydney Childhood Eye Study.
Blood Pressure Measurement
Blood pressure was measured on the school premises according to a standard protocol. 22, 28 After 5 minutes of rest, blood pressure was measured in a seated position using an automated sphygmomanometer (HEM 907 in Sydney and HEM 705LP in Singapore; Omron Healthcare Inc) with appropriate cuff size. We followed general recommendations on selecting cuff size to ensure that the bladder length was Ϸ80% and width was Ն40% of the arm circumference, covering the upper arm without obscuring the antecubital fossa. 29, 30 A single blood pressure measurement was taken in Sydney, whereas 3 separate measurements were taken in Singapore, with the later averaged for analysis. Mean arterial blood pressure was calculated as one third of the systolic plus two thirds of the diastolic blood pressure.
Other Measurements
Height was measured with children standing, without shoes. 31, 32 Weight in kilograms was measured using a standard portable weighing machine calibrated before the beginning of the study. 31, 32 Body mass index (BMI) was calculated as weight divided by the height squared (kilograms per meter squared). The refractive status of the eye was measured using an autorefractor (RK-F1 in Sydney and RK-5 in Singapore; Canon Inc) and converted to spherical equivalent. Axial length of the eye was obtained using a laser interferometer in Sydney (IOLMaster, Carl Zeiss) and an ultrasound biometry unit in Singapore (Echoscan US-800, Nidek). 31, 32 Parents of the participants were asked to complete a number of questionnaires, written in English or Chinese. Questions covered topics such as indicators of socioeconomic status and medical and ocular history. Childhood record books were used to obtain information on birth parameters, such as birth weight, head circumference, and gestational age.
Statistical Analysis
Blood pressure was categorized into quartiles (according to the population distribution in each study) and also analyzed as a continuous variable. Mean retinal arteriolar and venular caliber measurements were compared between age and sex-adjusted blood pressure quartiles using 1-way ANOVA. Changes in retinal arteriolar and venular caliber for each 10-mm Hg increase in systolic, diastolic, and mean arterial blood pressure were determined using multiple linear regressions. Models were initially adjusted for age and sex and then additionally for race, BMI, spherical equivalent refraction, axial length of the eye, birth weight, and gestational age (term or not). Finally, we examined potential effect modifiers in stratified analyses of age, sex, BMI, birth weight, and gestation. All of the probabilities quoted are 2-sided, and all of the statistical analyses were undertaken using SAS version 8 (SAS Institute Inc). Table 1 shows characteristics of the 2 study populations. As compared with Sydney, Singapore children were older, more likely boys, and of Chinese ethnicity. Singapore children had Data are mean (SD) or proportions. *Axial length and spherical equivalent of the eye for which data has been used throughout analysis (this was the right eye in 96.6% of participants).
Results
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higher systolic and diastolic blood pressures, higher weight and BMI, were less likely to be born at term, and were more likely to have a myopic refraction and longer axial length. Singapore children had slightly wider retinal arteriolar caliber (161.8 m versus 159.6 m) and also wider venular caliber (234.0 m versus 222.3 m) than Sydney children. This was largely explained by the higher weight in Singapore children (33 versus 24 kg; data not shown). Table 2 shows the mean retinal arteriolar and venular caliber by quartiles of systolic, diastolic, and mean arterial blood pressure, adjusted for age and sex. Children with higher blood pressure quartiles had consistently and significantly narrower retinal arteriolar caliber than those with lower quartiles (PϽ0.003 for all of the comparisons). The difference in arteriolar caliber between the first and fourth quartiles (Ϸ5 m) was similar for different blood pressure variables in both studies. Blood pressure was not associated with retinal venular caliber in either study (PϾ0.2 for all of the comparisons).
In linear regression models controlling for age and sex, retinal arteriolar caliber decreased by 1.64 to 2.11 m for every 10-mm Hg increase in systolic blood pressure (Table 3) . Further adjustment for race, BMI, refraction, and birth parameters had no impact on the magnitude of this effect (arteriolar caliber reduction 1.43 to 2.08 m). Similar reductions in arteriolar caliber were found for 10-mm Hg increases in diastolic and mean arterial blood pressures. Table 4 shows subgroup analysis stratified by potential effect modifiers. Associations were consistent across subgroups stratified by age, sex, BMI, birth weight, and gestational age. Each 10-mm Hg increase in mean arterial blood pressure was associated with a 1.6-to 2.2-m decrease in arteriolar caliber in Sydney and 1.6-to 5.0-m decrease in Singapore, adjusting for other variables. There were no consistent associations with venular caliber, except in certain subgroups in Sydney only (eg, girls, higher birth weight, and term gestational age).
Discussion
We found in 2 populations of children aged 6 to 8 years that higher blood pressure was significantly and monotonically associated with retinal arteriolar narrowing. On average, while controlling for age, sex, race, BMI, refraction, and birth parameters, each 10-mm Hg increase in systolic blood pressure and mean arterial blood pressure was associated with a 1.43-to 2.08-m and 2.0-to 2.4-m narrower retinal arteriolar caliber, respectively. In stratified analysis for the mean arterial blood pressure, this effect was seen in children aged 6, 7, or 8 years; in boys and girls; in those with higher or lower BMI and birth weight; and in term or preterm children. Blood pressure had no consistent effects on retinal venular caliber. The pattern and magnitude of the associations were consistent across the 2 cohorts.
Our principal finding, that higher blood pressure was associated with retinal arteriolar narrowing in children, is supported by numerous studies in adult populations, mostly aged Ն40 years. [12] [13] [14] [15] [16] [17] These studies have shown consistently that retinal arteriolar narrowing is not only associated with higher concurrent blood pressure levels but also with higher past blood pressure levels measured Յ9 years earlier. 12, 13 The current study suggests that the influence of blood pressure may extend from early childhood. Although our findings raise the possibility that adverse vascular effect of elevated blood pressure may occur early in life, it is also important to note that the observed narrowing of retinal arterioles could also be a functional phenomenon caused, for example, by sympathetic activity. Furthermore, in adult normotensive individuals, retinal arteriolar narrowing has been shown to predict the future development of hypertension independent of other factors in 4 separate cohorts. [15] [16] [17] 33 The Rotterdam study, for example, reported that retinal arteriolar narrowing was asso- ciated with higher risk of incident hypertension (odds ratio per SD decrease in retinal arteriolar caliber: 1.38; 95% confidence interval: 1.23 to 1.55). 33 Thus, retinal arteriolar narrowing, at least in adults, is a preclinical marker of hypertension risk. 34 Whether retinal arteriolar narrowing in children also predicts future hypertension in adulthood is not known.
There are very few studies on retinal signs associated with blood pressure in children for comparison. These have been largely confined to small clinic-based samples of children with essential hypertension, using qualitative methods to document retinal signs. Daniels et al, 35 for example, reported a high prevalence (41%) of retinal arteriolar narrowing, as detected from direct ophthalmoscopy, in children and adolescents with essential hypertension. Our current study shows that retinal arteriolar narrowing, detected using a quantitative technique, is associated with higher blood pressure levels in community-based samples of healthy children.
The magnitude of the effect of higher blood pressure on retinal arteriolar narrowing in our childhood samples appears around two thirds of that observed in adult populations. [12] [13] [14] For example, in a population-based study in white adults aged 43 to 84 years, each 10-mm Hg increase in mean arterial blood pressure was associated with a 2.2% decrease in arteriolar caliber, while controlling for other factors. 36 In our current study, a similar increase in mean arteriolar blood pressure was associated with a 1.5% decrease in arteriolar caliber. These differences in magnitude are not unexpected and are explained by the shorter cumulative exposure of the retinal vasculature to higher blood pressure levels in children, as compared with the effects of greater lifetime blood pressure load on the development of retinal arteriolar narrowing in adults.
The lack of influence from blood pressure on retinal venular caliber in children is consistent with previous adult studies that show that venular caliber is not associated with hypertension [12] [13] [14] 37 and is in keeping with clinical observations in hypertensive patients. 11 The distinct differences in the association between arterioles and venules also increase the likelihood that the relationship of higher blood pressure and retinal arteriolar narrowing in our study is not confounded by unexplained ocular factors (eg, intraocular pressure), which should be common to both arterioles and venules.
Our study provides further evidence that the risk of cardiovascular disease may have its origins early in life, which has implications in cardiovascular disease prevention. [2] [3] [4] [5] [6] [7] [8] [9] Studies now indicate that higher childhood blood pressure levels are "tracked" to higher blood pressure later in life 5, 10 and are independently associated with atherosclerosis in the carotid 6 -9 and femoral arteries 38 and cardiovascular mortality in adults. 10 In the Bogalusa Heart Study, autopsy studies on 93 persons 2 to 39 years of age show that the extent of atherosclerosis in the aorta and coronary arteries was strongly related to blood pressure levels. 8 Other studies in children with essential hypertension have described subclinical indicators of target end organ damage, such as left ventricular hypertrophy. 39 -41 The current study demonstrates that, in healthy children, even mildly elevated blood pressure is associated with structural retinal vascular changes and that this effect is continuous across the range of blood pressure. Because narrower retinal arterioles may predict subsequent cardiovascular events in adults, 20 our findings in children may, therefore, form the basis for early preventive action and support measures to address modifiable risk factors in children with higher blood pressure (eg, overweight and low physical activity). 42 Several potential limitations of this study should be discussed. First, there were some systematic differences between characteristics of the children from the 2 cohorts. For example, blood pressure, weight, and BMI were higher in Singapore children. This heterogeneity prevented pooling of the data sets. However, the study populations appear to be reasonably representative of childhood populations. For example, the blood pressure levels in our 2 childhood cohorts are similar to those recorded for 5-to 7-year-old children in the United Kingdom, 3 9-year-old children in Denmark, 40 and 8-year-old children in the United States. 43 Second, the cross-sectional setting of our study prevented a direct inference of causality between blood pressure and development of retinal arteriolar narrowing. This would require prospective data. Third, unknown sources of variability cannot be excluded and may have introduced additional biases. For example, the instruments and protocols for measuring blood pressure were different in the 2 studies. The consistency of the pattern and magnitude of the findings between the 2 cohorts, however, reduces the likelihood that these biases are substantial. Finally, retinal arteriolar narrowing in children could simply reflect the normal autoregulatory reflex in response to higher blood pressure. Whether these are permanent structural changes would need to be evaluated in longitudinal studies, which are currently in planning. However, longitudinal data in adult populations suggest that retinal arteriolar narrowing is not frequently reversible (P Mitchell and TY Wong, unpublished data, 2006).
Perspectives
Blood pressure levels have increased substantially among children and adolescents over the last decade. 43 Our study, conducted in 2 population-based samples, demonstrates that childhood levels of blood pressure are consistently and monotonically associated with narrowing of the retinal arterioles and small arteries, independent of body size, birth parameters, and other factors. This suggests that effects of elevated blood pressure may manifest early in life.
